We have examined the specificity and the mechanism of acetylcholine receptor (AChR) accumulation at embryonic chick nerve-muscle contacts that form in culture. Spinal cord motoneurons were identified in vitro after labeling them in viva with Lucifer Yellow-wheat germ agglutinin conjugates. All of their processes induced receptor clusters on contacted myotubes; after 24 to 48 hr of co-culture, the incidence of neurite-associated receptor patches (NARPs) was -1.2/100 Km of contact. In contrast, NARPs were rarely associated with spinal cord interneurons (-O.l/lOO wrn of contact). Neurons dissociated from ciliary ganglia induce NARPS to the same extent as motoneurons.
Abstract
We have examined the specificity and the mechanism of acetylcholine receptor (AChR) accumulation at embryonic chick nerve-muscle contacts that form in culture. Spinal cord motoneurons were identified in vitro after labeling them in viva with Lucifer Yellow-wheat germ agglutinin conjugates. All of their processes induced receptor clusters on contacted myotubes; after 24 to 48 hr of co-culture, the incidence of neurite-associated receptor patches (NARPs) was -1.2/100 Km of contact. In contrast, NARPs were rarely associated with spinal cord interneurons (-O.l/lOO wrn of contact). Neurons dissociated from ciliary ganglia induce NARPS to the same extent as motoneurons.
The relative contribution to NARPs of AChRs present in the membrane prior to plating ciliary ganglion neurons and of "new" AChRs inserted 8, 11, or 17 hr after addition of neurons was assessed with two fluorescent receptor probes. Rhodamine-conjugated a-bungarotoxin was used to label either old or new receptors; a monoclonal, anti-receptor antibody visualized with fluorescein-second antibody was used to label all (new and old) receptors. Analysis of digitized fluorescence images showed that NARPs contained both new and old receptors but that within the first 24 hr of co-culture the majority (60 to 80%) were new. We estimate that cholinergic neurites increase the rate of receptor insertion 4-to 5-fold during the first 8 hr of NARP formation. The contribution of new receptors to NARPs declines with time. After 3 days of co-culture, receptors inserted over an 8-hr interval comprised only 20% of the total NARP complement.
Receptor clusters that appear beneath or adjacent to neuron cell-myotube contacts are apparently different from NARPs in that the contribution of newly inserted clusters never exceeded -20% of the total even during the first 24 hr of co-culture.
Thus, the relative importance for NARP formation of receptor migration within the membrane and of receptor insertion varies with time and position along the cell body-neurite axis.
Synaptic potentials can be evoked within a few minutes after a cholinergic growth cone contacts an uninnervated muscle cell in vitro (Cohen, 1980; Kidokoro and Yeh, 1982; Role et al., 1983 ) and acetylcholine receptors (AChRs) accumulate in the postsynaptic membrane a few hours thereafter (Anderson et al., 1977; Frank and Fischbach, 1979) . The receptor density within neurite-associated receptor patches (NARPs) is more than 10 times the receptor density within the nearby extrasynaptic membrane (Fischbach and Cohen, 1973) . Uninnervated myotubes contain a few high density receptor aggregates, but these "hot spots" represent a small fraction of the total membrane area and they are not sought out by ingrowing axons.
NARPS represent new, induced clusters (Anderson and Cohen, 1977; Frank and Fischbach, 1979) . Little is known concerning the specificity of the nerve-muscle interaction that leads to AChR accumulation. Sensory ganglion neurons, which presumably are noncholinergic in vitro, do not induce NARPs on Xenopus muscle cells (Cohen and Weldon, 1980) or on chick myotubes, but the degree of specificity within the population of spinal cord cells has not been examined. We have labeled motoneurons in vivo with a retrogradely transported fluorescent probe (Okun, 1981) and have identified them after several days in culture to compare them with the unlabeled interneurons in regard to AChR accumulation. Also, little is known concerning the mechanism of receptor accumulation at newly formed synapses. AChRs in embryonic myotubes are synthesized and degraded rapidly (half-life of 20 to 24 hr) (Devreotes and Fambrough, 1975; Devreotes et al., 1977; Gardner and Fambrough, 1979) and they are mobile within the lipid bilayer (Axelrod et al., 1976; Orida and Poo, 1978) . In principle, therefore, NARPs might form by insertion of newly synthesized receptors, or by migration of "old" receptors exposed on the surface prior to nervemuscle contact. By labeling Xenopus myocyte receptors with rhodamine-conjugated a-bungarotoxin (R-BTX) prior to addition of neurons, Anderson and Cohen (1977) demonstrated that, in this species, old receptors do migrate to sites of nerve-muscle contact, but the contributron of newly synthesized receptors was not determined. No information is available concerning the relative contribution of preexisting and newly synthesized receptors to the formation of NARPs in vitro in other species, A better understanding of the mechanism of AChR accumulation at different stages of development is important for further cellular and molecular analyses of synapse formation. For example, attempts are underway to purify molecules present in neural tissue, neuron conditioned medium, and preparations of extracellular matrix that mimic the effect of motor nerves on receptor accumulation (Christian et al., 1978; Podleski et al., 1978; Jessell et al., 1979; But-Caron et al., 1983; Nitkin et al., 1983 Mab 35 was visualized with fluorescein-conjugated goat anti-rat antibodies (F-GAR; also provided by J. Llndstrom).
The affinity-purifted GAR was 4.3 X 10e5 M in lg. It was added at a 1 600 dilution for 30 min at 37°C. The coverslip cultures were washed In phosphate-buffered saline (PBS) plus sucrose (100 mM), fixed In 4% paraformaldehyde, and mounted on glass slides in 90% glycerol. The fluorescence intensity of labeled AChR clusters was evaluated with a Dage SIT television camera connected to a Gnnnell GMR/270 Image Processor interfaced to a PDP 1 l/44 computer.
In these experiments an upright microscope with a X 63 phase contrast (numerical aperture = 1.4) objective was used. A sensitive photometer (Leitz MPV-3) was used to determine that the output of the camera and the Grlnnell Image processor was llnear over a 16.fold range of brightness that Included most of the NARPs labeled with rhodamine or fluorescein.
A neutral density filter was used when exceptionally bright NARPs generated signals outside of this range. In some experiments we determined the rate of receptor InsertIon In uninnervated myotubes as described by Devreotes and Fambrough (1975 
Results
The specificity of NARP induction was tested in spinal cord muscle cultures by examination of R-BTX-stained NARPs along the course of LY-injected neurites. A cell was considered a motoneuron if it contained numerous brightly fluorescent granules when viewed with an appropriate filter ( Fig. 1, inset) . Once identified, each motoneuron was injected with LY so that neurites could be traced to their fine terminals even when they passed beneath refractile muscle fibers or formed fascicles with other nerve processes. After 2 to 3 days of co-culture, all but one of the 21 motoneurons examined induced NARPs on contacted myotubes. In most cases, bright patches of R-BTX fluorescence were observed along each of the major processes that issued from the multipolar motoneurons (Fig. 1) . Thus, NARP induction cannot be used to distinguish axons from dendrites in vitro. In contrast to the motoneurons, only 3 of 21 non-motoneurons were associated with NARPS. Neurites of motoneurons were usually associated with several NARPs, but none of the four "positive" non-motoneurons were associated with more than one receptor cluster. Whe the neuritic arbor was linearized with the aid of a digitizing tablet, motoneurons were found to have 15fold more NARPs/lOO pm of nerve-muscle contact (1.2/l 00 pm; 10 neurons; -4700 pm of contact) than did non-motoneurons in the same cultures (.07/100 Km; 21 neurons; -5000 pm of contact).
Ciliary ganglion neurons, many of which innervate striated muscle in the chick iris, also induced NARPs in culture (Role et al., 1983) . These cells are unipolar in adult ganglia, and, with time they become unipolar in culture (L. W. Role and G. D. Fischbach, manuscript in preparation). However, for the first few days after plating, the period examined in these experiments, they were multipolar, and as observed with motoneurons, each of the major processes issuing from a cell body induced NARPs. The mean NARP density along ciliary neurites (1.2/100 pm; 14 neurons; -5200 Km of contact) was identical to that observed along motoneuron processes at the same time in culture.
The time course and mechanism of NARP induction were studied in more detail using ciliary ganglion neurons rather than motoneurons because, under our culture conditions, they extend processes more rapidly and more reliably during the first few hours after dissociation. The number of NARPs per ciliary neuron was determined for 54 cells between 4 hr and 9 days after plating (Fig. 2) . The number of NARPs per cell increased rapidly over the first 24 hr and then more slowly to a stable plateau observed after 3 days. Between 8 and 17 hr, NARPs were relatively infrequent, but they could be identified unambiguously. At this time, they contained several bright "speckles" distributed over a relatively wide area as compared to the more compact NARPs observed after 3 days of co-culture (Fig. 3) .
We examined the mechanism of NARP formation during the first 24 hr of co-culture, the period of rapid induction. The contribution to NARPs of "old" receptors, exposed on the surface prior to addition of neurons, and of new receptors, inserted after addition of the neurons, was determined as follows. In one series of experiments, all exposed receptors were labeled with R-BTX (see "Materials and Methods"). the R-BTX was then washed out and neurons were plated in the presence of IO-' M unconjugated BTX to prevent the binding of residual R-BTX. After 8, 11, or 17 hr, all receptors (old and new) were labeled with Mab 35 which was visualized with F-GAR. We took the ratio of rhodamine to fluorescein intensity as the measure of the relative contribution of old receptors. The proportion of new receptors was obtained by subtraction. Control cultures were labeled simultaneously with R-BTX and Mab 35 at the indicated times, and this rhodamine/fluorescein ratio was used to normalize the ratio obtained in experimental cultures. Background values, for both rhodamine and fluorescein, were subtracted in each case. Background usually amounted to 0.1 to 0.2 of peak values. Peak values less than 2 times background were excluded. In a comple- were labeled with uncon)ugated BTX (10V7 M, 1 hr, 37'C), and then the neurons were plated In the presence of R-BTX. After labelrng at the end of the rncubatron period with the monoclonal antibody, the ratio of R-BTX to F-GAR fluorescence provided a measure of the proportion of newly Inserted receptors, and the difference indicated the contnbutron of old receptors
The intensity of fluorescence was quantrtated with the SIT cameraGnnnell-PDP 11/44 system. An Interactive computer program was used to enlarge each NARP so that It occupied a srgnrfrcant part of the 512 x 512 pixel array. In this manner, the intensity of more than approximately 1000 points within a selected NARP was measured with 8 bits of resolution. The intensity of rhodamine and fluorescein fluorescence varied significantly at different points within each NARP, but the ratio of rhodamine to fluorescein was constant (Fig. 4) . We based our calculations on the rhodamine/fluorescein ratio after background subtraction at the region of maximum intensity which usually included about 50 pixels. Figure 5 shows that the detection system could measure small changes in fluorescence. In this experiment, we measured the 17 h 3 d Role et al. Vol. 5, No. 8, Aug. 1985 Most of the receptors within NARPs identified after 8 hr of coculture were inserted into the surface membrane after the neurons were plated. The contribution of newly inserted receptors was even greater after 11 and 17 hr (Table I) , Essentially the same results were obtained whether R-BTX was used to label old receptors or new ones that appeared after the neurons were added. This is consistent with our conclusion based on fluorescence intensity (see "Mater& and Methods") that the concentration of R-BTX used was indeed "saturating;" i.e., all exposed receptors were labeled after 1 hr at 37°C. It also implies that R-BTX binds as tightly to AChRs as does unconlugated BTX. Since there was no significant difference in the two serres, the results were pooled, and they are presented graphically in Figure 6 .
To determine whether the ratio of new to total receptors at newly formed NARPs could be accounted for by the "basal" rate of receptor accumulation, surface receptors in uninnervated myotubes (no added neurons) were blocked with cu-BTX, and new receptors subsequently incorporated in the surface membrane were assayed with '251-BTX at various times thereafter point the values fall significantly below the percentage of newly inserted receptors observed at NARPs. The increased rate of accumulation of new receptors at NARPs was not maintained indefinitely. We examined several cultures 3 days after adding ciliary neurons to the myotubes. All receptors were blocked with R-BTX or with unconjugated toxin, and the ratios of new to total NARP receptors were determined 8 hr later. As shown in the last row of Table I and the dotted bar in Figure 6 , the percentage of new receptors within the 3-day NARPs that appeared during the 8-hr interval was similar to that expected from the basal rate of receptor synthesis.
Receptor insertion at 3-day NARPs may contribute the same number of new receptors as at 8-hr NARPs but result in a lower proportion of new AChRs if the 3-day clusters contained a greater total receptor number. We examined this possibilitv bv comDarina the peak fluorescence intensity measurements at b&h 3-day and g hr NARPS. In one series of exoeriments we cornoared the intensitv of Mab 35-F-GAR-labeled NAAPs after 3 days oi nerve-muscle cdculture with NARPs labeled 8 hr after addition of the neurons. There was a wide variation in peak intensities among both 3-day and 8-hr NARPS, but within the range of fluorescence selected for the insertion/migration study, the average intensities were not significantly different (118 f 9 arbitrarv units: N = 21, 3 davs: 125 f 10: N = 39, 8 hr).5 I ~
We also examined receptor density assessed from peak fluorescence intensity measurements at hot spots (receptor clusters not 5Throughout this study, only receptor clusters having a peak intensity greater than 2 times background were included. Thus, dim NARPs from both 8-hr and 3-day cultures were not examined. HOURS AFTER BTX PRE-LABEL Figure 6 . The contribution of new receptors to young NARPs, to established NARPs, and to the total surface pool In uninnervated myotubes.
Results from R-BTX prel abel and native BTX prel abel experiments (see Table  I at each time point it remained far below the percentage estimated at 8-hr NARPs.
The cell bodies of ciliary ganglion neurons often settled directly on top of myotubes, and many of these cell bodies were associated with patches of R-BTX fluorescence. On closer examination of a few "soma" contacts, foot-like processes (<lo pm in length) were visible which may be the sites for the receptor accumulation. In contrast to the situation at newly formed NARPs along neurites, the receptor clusters at cell bodies detected after 8 hr of co-culture were made up predominantly of pre-existing receptors. New receptors, determined as described above, amounted to only 17.6 + 5.2% (n = 12) of the total. The accumulation of new receptors at hot spots and at cell body-associated receptor patches is close to that predicted by the "normal" rate of receptor incorporation of -3%/hr (see Fig. 6 , open bars). This is consistent with earlier reports that receptors within hot spots on uninnervated myotubes turn over at approximately the same rate as do diffusely distributed receptors (Axelrod, et al., 1976; Schuetze et al., 1978) .
Discussion
Among the population of chick spinal cord ceils, motoneurons are nearly unique in their ability to induce NARPs on contacted myotubes. Thus, secretory products, surface molecules, or other factors responsible for receptor aggregation are not shared by all neurons derived from the neural tube.
NARP induction may be characteristic of all cholinergic neurons. The motoneurons and ciliary ganglion cells studied here are, of course, cholinergic. In addition, neuroblastoma X glioma hybrid cells (Nelson et al., 1976 ), PC12 cells (Schubert et al., 1977 , and rat sympathetic ganglion neurons (Nurse and O'Lague, 1975) grown under conditions that promote the synthesis of acetylcholine (ACh) are all capable of inducing NARPs on the surface of cultured myotubes. It is possible that only cholinergic neurons can promote AChR accumulation. The rare association between NARPs and nonmotoneurons in vitro does not necessarily violate this principle. This correspondence might be entirely due to chance as the frequency of non-motoneuron NARPs, 0.07/100 pm, is comparable to the frequency of hot spots along uninnvervated myotubes. It might also indicate that some of the non-motoneurons are cholinergic, i.e., those derived from the preganglionic column of Terni. NARPs form when neurons and myotubes are grown in the presence of a-BTX or curare, so that ACh itself is probably not the inducing factor. Some other property, highly correlated with the cholinergic phenotype, must be involved. Our estimates of the relative fluorescence intensity of prelabeled and end-labeled receptors indicate that, during the early stages of NARP formation, the contribution of newly inserted receptors is too great to be accounted for simply by the "basal" rate of receptor insertion measured in uninnervated myotubes. It is conceivable that new receptors inserted at random into the surface membrane at the basal rate are preferentially mobilized and trapped at new NARPs. However, a more likely hypothesis is that the rate of new receptor insertion is increased in the immediate vicinity of young NARPs. This might come about in two ways. First, the local rate of receptor synthesis may be increased. In fact insertion closely parallels syntheses in uninnervated myotubes (Devreotes et al., 1977; Gardner and Fambrough, 1979 ). An intracellular precursor pool of AChRs does exist in chick myotubes, but it is "traversed" by newly synthesized receptors in 2 hr or less (Devreotes et al., 1977) . Second, it is possible that intracellular receptors synthesized at the control rate are channeled, in some way, toward new NARPs. The intracellular pool amounts to 10% of the total surface population. Accumulation of a small subset of this pool beneath NARPs could account for the increased rate of insertion.
We do not know the size of the myotube membrane domain influenced by neurites in regard to receptor accumulation. It may be that newly synthesized receptors are inserted over a relatively wide area and then mobilized to the synaptic site. NARPs observed during the first 24 hr of co-culture are relatively large and contain several brightly fluorescent speckles, so that the area affected at early times may be larger than the zone of nerve-muscle contact. The area of increased AChR density at end plates in viva is also larger than the nerve terminal arbor at the earliest times examined (Bevan and Steinbach, 1977; Jacob and Lentz, 1979; Slater, 1982) . Another, less direct, observation that suggests a neurite influence beyond the contact zone is the fact that receptor aggregates located 50 to 100 pm away from neurite-muscle contacts on Xenopus myocytes and chick myotubes "break up" as new NARPs form (Anderson and Cohen, 1977; Frank and Fischbach, 1979; Moody-Corbett and Cohen, 1982; Kuromr and Kidokoro, 1984) . In contrast, our finding that the rate of receptor incorporation into hot spots on innervated fibers is approximately equal to that expected from the basal rate of receptor insertion suggests that the nerve's influence does not extend over the entire myotube surface. In some cases, hot spots were located within 200 pm of a NARP. Experiments designed to locate intracellular receptors on the ultrastructural level suggest that insertion of induced receptors may be extremely focal. Myoplasmic coated vesicles which contain AChRs and which appear to be en route to the cell surface are concentrated immediately beneath membrane receptor aggregates in brain extract-treated myotubes (Bursztajn and Fischbach, 1984) . Although we hypothesize that brain extract mimics the effect of cholinergic neurites, more direct, electron microscopic data are needed at identified NARPs and the surroundrng area.
Our estimates of receptor insertion in uninnervated cultures of 3%/hr are slightly lower than those reported by Devreotes and Fambrough (1975) (4 to 5%/hr). These authors also studied chick myotubes, but subtle differences in plating density (and hence in degree of myoblast fusion), culture medium, or temperature might account for the disparity. Our measurements were made in cultures grown under conditions that were identical, save for the presence of neurons, to those used for fluorescence measurements.
It might be argued that our estimates of old receptors at NARPs are low because BTX slows the rate of receptor migration. Indeed, there is a 50.fold disparity in estimates of receptor diffusion coeffictent based on fluorescence photobleachrng recovery curves of R-BTX-labeled rat myotube receptors (5 X-" cm'/sec; Axelrod et al., 1976) and on recovery of ACh sensitivity in Xenopus myocytes (2.5 X lo-' cm*/sec; Poo, 1982; Young and Poo, 1983 ). This might reflect toxin drag, but it might also reflect a species difference in membrane fluidity. In any case, the fact that NARPs labeled with Mab 35 in toxin-treated cultures were as intense as Mab 35.labeled NARPs in control cultures without toxin argues against slow migration of liganded receptors. In addition, the presence of toxin did not prevent receptor aggregation at cell bodies over a period of 8 hr.
In contrast, we undoubtedly have underestimated the rate of appearance of new receptors at NARPs because of our selection of time zero. It takes 2 to 3 hr for ciliary ganglion neurons to settle and extend a process for more than 50 pm, (L. W. Role and G. D. Fischbach, manuscript in preparation), the minimum soma-to-NARP distance included in this study. Thus the "8 hr" point more realistically corresponds to a 5-to 6-hr interval after first meaningful contact. This consideration, taken together with the fact that receptors do not emerge on the surface for 2 hr after they are synthesized, suggests that the initial, induced rate of receptor addition near NARPs may be 4 to 5 times the background basal rate of insertion.
We do not know how long the "burst" of receptor insertion lasts, After 17 hr of co-culture, new receptors comprised 85% of the total NARP complement. The increment (20%) over the value observed after 8 hr seems small, but two considerations suggest that it significantly underestimates the rate of receptor insertion in the 8-to 17.hr interval. First, NARPs continue to form for at least 48 hr under our culture conditions (Role et al., 1983) ; therefore, some NARPs examined at 17 hr may have been quite "young." Indeed, the distribution of the percentage of new NARP receptors was wider between 8 and 17 hr (53 to 100%) than at earlier or later times. Time lapse studies of individual NARPs would settle this issue. Second, as the number of new receptors increases with time, the rate of degradation of new receptors becomes significant, causing a disparity between insertion and accumulation. The rate of appearance of new receptors at NARPs must decline at some time between 17 hr and 3 days of co-culture. In 3-day co-cultures the percentage of new receptors that appear at NARPs within an 8-hr interval is no greater than that observed at uninnervated hot spots. At this time, it is comparable to that expected from the basal rate of receptor insertion.
We have emphasized the accumulation of newly inserted receptors at young NARPs, but it is clear that "old" receptors present in the membrane before the arrival of the nerve contribute as well. Accumulation of prelabeled receptors, clearly above the background level, were observed at all NARPs examined after 8 hr of co-culture. A mechanism must exist for aggregating and trapping receptors at newly formed synapses (cf. Nitkin et al., 1983) . A recent study of embryonic rat spinal cord intercostal muscle organ cultures (ZiskindConhaim et al., 1984) emphasized the migration of receptors to developing endplates. Receptors labeled (with "51-BTX) at the time of explantation (embryonic day 15) comprised the majority of the endplate complement 24 hr later. It is difficult to compare this result obtained in a different species, after 24 hr at 31°C, with our own data obtained at earlier times (i.e., 8 hr) at 37°C but they are not inconsistent.
Even at early times (within the first 24 hr of co-culture), old receptors predominate within receptor clusters beneath or near cell bodies. This striking difference between soma-myotube and neuritemyotube contacts was unexpected. If a soluble neuronal factor is responsible for induction of receptor insertion, then either it is present at low concentration in cell bodies, or it is not released from this site. In any case, it seems advisable to distinguish perisomal AChR clusters from NARPs.
In summary, we conclude that NARP formation is a complex affair. At early times newly inserted receptors predominate along neurites, but the relative contribution of receptor synthesis and receptor migration may vary with time and with position along the cell bodyneurite axis. Probably more than one "factor" is involved and purification schemes must take this complexity into account.
